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Introduction

41
People living within several hundred meters of highways experience increased risks of respiratory and 42 cardiovascular disease, 1,2 and ultrafine particles (UFP; <100 nm in diameter) emitted in motor vehicle 43 exhaust may contribute to these risks. 3 UFPs have been shown to be associated with increased levels of 44 inflammatory blood biomarkers in people living <500 m from major highways, 4, 5 and UFP concentrations 45 near highways can be twice as high as urban background concentrations. [6] [7] [8] [9] 46 Potential exposures to UFP measured as particle number concentrations (PNC) have been quantified 47 using mechanistic [10] [11] [12] and empirical 13,14 models across cities, [15] [16] [17] [18] [19] in urban street canyons, 20 and near 48 roads. [21] [22] [23] [24] [25] Mechanistic models are based on physical theory and include dispersion models like the 49 California Line Source Dispersion Model (CALINE4), 26 the American Meteorological 50
Society/Environmental Protection Agency Regulatory Model (AERMOD), 27 the research line source model 51 (R-LINE), 21 and the Quick Urban and Industrial Complex (QUIC) Modeling System. 28 Empirical models of 52 PNC and other traffic-related air pollutants are often developed using land use regression (LUR), a 53 technique that statistically relates pollutant measurements to road density, distance to roads and other 54 variables. 13, 22, 23, 25, 29 While dispersion models require detailed meteorological and traffic inputs and are 55 broadly generalizable, regression models are based on monitoring data and are location-specific. 13, 29 56 Both dispersion and regression models contain uncertainties related to model structure 57 assumptions (e.g., dispersion and chemical reactivity) and parameter value accuracy (e.g., 58 meteorological data and emission factors).
12 For PNC, the structure of model treatment of dispersion is 59 likely to be more important than inclusion of chemistry. While particle coagulation may reduce PNC by 60 emissions depend on the vehicle fleet, meteorology, and rapid transformation of emitted particles on 64
and within a few meters of the road.
12,30 Development of locally suitable PNC emission factors could 65 improve the performance of both regression and dispersion models. 12 
66
Comparative performance evaluations demonstrate the magnitude of uncertainties in estimated 67 uncertainties that are introduced by modeling decisions. In different European studies of NO 2 , one 68 component of traffic exhaust, performance (R 2 and standard error) of dispersion models was similar , [31] [32] [33] 69 worse than 34, 35 or better than 36 LUR performance relative to measurements. At different traffic sites, 70
LUR and dispersion models either underestimated 31, 32 or overestimated 37 air pollutant concentrations. 71
Within most single studies, correlation coefficients (R 2 ) between NO 2 predicted by dispersion models 72 and LUR, or two dispersion models, ranged from 0.55 to 0.90. 32, 33, 35, 36, 38 However, in one study 73 comparing LUR to European regulatory dispersion models, the agreement between NO 2 models varied 74 widely (R 2 range = 0.19-0.89) and was lowest for comparisons using the least spatially resolved (>500-m 75 grids) dispersion models. 39 In the near-road environment, slight improvements were obtained by 76 modeling plume meander and vehicle-and road-induced turbulence. 37, 40 One near-road study using 77 both a dispersion model (QUIC) and LUR to model PNC reported R 2 = 0.8 between QUIC and LUR, 78 although model performance was not evaluated. 24 To our knowledge, there are no studies in the 79 literature comparing performance of dispersion and regression models of PNC near roads. Therefore, we 80 undertake the present study to evaluate how differences in model structure and inputs affect UFP 81 concentrations predicted by near-road models. 82
The goals of this work were to evaluate the ability of line source dispersion and land use regression 83 models to predict hourly PNC near busy roads in urban neighborhoods, and to provide insight about 84 which kinds of models should be used for near-road PNC exposure assessment. We compared three 85
Gaussian dispersion models (CALINE4, AERMOD and R-LINE), a Lagrangian dispersion model with 86 empirical flow approximations (QUIC) and neighborhood-specific spatial-temporal regression models 87 ( 
R-LINE
113 R-LINE (v1.2) was developed by the U.S. EPA in the 2010s for predicting mobile-source air quality 114 impacts near roadways. 21, 46 The main advantage of R-LINE is that it incorporates the advanced 115 dispersion algorithms used in AERMOD into a line source model similar to CALINE. In R-LINE, roads are 116 input as lines and simulated as a series of point sources. R-LINE can use analytical (used in this work) or 117 numerical methods to predict hourly concentrations of inert traffic-related air pollutants. 118 QUIC 119 QUIC (v6.01) was developed by the Los Alamos National Laboratory and has been continuously 120 updated since 1990 to model air pollutant releases in urban areas. [47] [48] [49] QUIC is the only model 121 considered here that explicitly models individual obstructions, and therefore requires greater 122 computational resources than the other models. The wind-field module calculates three-dimensional 123 flow fields around stationary obstacles including buildings, hills, and vegetation. 49 Subsequently, a 124
Lagrangian random-walk dispersion model superimposes a pollution source on the wind field and tracks 125 the dispersion of pollutants downwind of the source.
47 Although QUIC can simulate particle dynamics, 126 particles were considered inert for this study. 127
Regression
128
Multivariate linear regression (land use regression) models of air pollution empirically relate 129 measured pollutant concentrations to covariates including traffic volume, distance and direction to 130 roads, and meteorology. 13, 29 The hourly neighborhood-specific models of the natural logarithm of PNC 131 evaluated in this study were developed for the Community Assessment of Freeway Exposure and Health 132 (CAFEH), and are described elsewhere. 22, 23 Briefly, the CAFEH models were spatial-temporal regressions 133 developed using 1-second mobile monitoring measurements collected over the course of a year in each 134 study area (see Model Inputs: Field Measurements). Land use, meteorological, and traffic variables 135 were added to the models if they had a plausible physical relationship to PNC and increased R 2 by >1%. 136
Temporal variables in the final models included temperature, wind speed and wind direction. Spatial 137 patterns were described by distance from I-93 and major intersections (but not distance from I-90) and 138 by wind direction relative to I-93 and major non-road sources (e.g., airport and train station; Supporting 139 Information Table S1 ). 22, 25 We did not have an independent dataset to evaluate the models; however, 140 no single hour of measurements substantially affected the regression models' performance in leave-141 one-out cross-validation. 
Meteorology
170
The models were tested for a range of meteorological conditions defined by wind direction and 171 temperature ( 
Building Parameterization
180
In CALINE4, AERMOD, and R-LINE the aerodynamic roughness of the ground surface was assigned 181 the CALINE4 default for each neighborhood: for Somerville, the roughness coefficient was 100 cm 182 (suburban environment) and for Chinatown, the roughness coefficient was 400 cm (central business 183 district).
58 For QUIC, building footprints and heights were obtained from a shapefile based on LIDAR 184 measurements 59 and a building wall roughness, z 0 , of 0.1 m was assumed. 20 The regression models did 185 not consider building geometry. 186 
Modeling Domain, Resolution, and Receptors
Model Performance Metrics
215
Model predictions were evaluated for 4 hours in Somerville (Scenarios SV-1 to SV-4) and 6 hours in 216
Chinatown (Scenarios CT-1 to CT-6), for a total of 10 test scenarios ( Table 2 ). The metrics used for model 217 evaluation relative to measurements were correlation coefficient (R 2 ), fraction of predictions within a 218 factor of 1.5 (FAC1.5) and 2 (FAC2) of measurements, normalized mean square error (NMSE), and 219 fractional bias (FB). These performance measures were calculated with a custom statistics function in R 220 (see Section S2) and have been widely used to evaluate air pollution models. 20, 60, 61 Model performance 221 relative to measurements was considered acceptable if R 2 > 0.9, NMSE ≤ 0.25, absolute value of FB ≤ 222 0.25, and FAC2 > 0.7. 60, 61 In addition, the level of agreement among predictions from different models 223 was assessed using Pearson correlations. All analyses were performed in R version 3.0.1. 22 An exception to the overall good performance was for the cold hour with wind 239 parallel to I-93 (Scenario SV-2), when a wide zone of elevated PNC near I-93 was not predicted by the 240 models (e.g., R 2 ≤0.52 for all models). During the overcast midday of SV-2, PNC was unusually high both 241 near I-93 (~75,000 particles/cm 3 ) and in the urban background area (~50,000 particles/cm 3 ), suggesting 242 that decreased vertical mixing in the morning contributed to the buildup of PNC. 243
In Somerville, there was high agreement among models; Pearson's r among model predictions was 244 >0.82 overall and >0.58 for individual scenarios (Table S3) . QUIC generally predicted the highest PNC 245 and the near-road gradient with the shape closest to that of the smoothed data, except for Scenario SV-246 2 (cold air temperature, winds parallel to I-93) when QUIC was unable to predict a near-road gradient. 247
The highest correlations were found for predictions from the three Gaussian dispersion models 248 (CALINE4, AERMOD, and R-LINE), which had similar curves with r>0.98 for all four scenarios. CALINE4 249 predicted slightly higher PNC than AERMOD and R-LINE near I-93 during cold hours (Scenarios SV-1 and 250 SV-2) and slightly lower concentrations during hot hours (Scenarios SV-3 and SV-4). The regression 251 model predicted lower PNC than the dispersion models except for when the wind was blowing 252 perpendicular to I-93 from the west on a cold day (Scenario SV-1). Low correlations were found for QUIC 253 relative to all other models in Scenario SV-3 (r = 0.78-0.80), and for the regression model relative to 254 other models for Scenario SV-2 (r = 0.63 for CALINE4, 0.75 for R-LINE, and 0.58 for AERMOD). However, 255 all the models had generally acceptable performance and could be applied to neighborhoods like 256 Gradients from the individual highways were more difficult to discern than those in Somerville. 261
Somerville. 257
Model Performance in Chinatown
Complexities in spatial trends in Chinatown were not accurately captured due to the generally high 262 background PNC and contributions from multiple highways. All the models underestimated measured 263 PNC in most Chinatown scenarios and underestimated the range in PNC upwind and downwind of I-93 264 and I-90 for warm and cold hours (Scenarios CT-1 to CT-6; Figure S3) 7 The poor performance of the models in Chinatown reflected the inability to capture 270 the more complex spatial patterns in PNC. In sensitivity analyses, changes to increase the loess smooth 271 span ( Figure S4, Figure S5 ) and the assumed background PNC (Figure S6 ) improved the fraction of 272 predictions within a factor of 2 and 1.5 and the fractional bias. Neither the R 2 nor the NMSE was 273 affected by these adjustments (Table S5) (Table S6) , correlations between measurements and PNC predictions at downwind receptors were not 277 generally better than those using the full set of receptors ( Figure S7) . 278 PNC predictions from the five models had less agreement in Chinatown than in Somerville (Table  279   S7 Our results are also similar to other studies comparing models of traffic emissions. In previous 301 studies of model performance, predictions of NO 2 and tracers (i.e., sulfur hexafluoride) have been within 302 a factor of two of observations with reasonable agreement among models (e.g., CALINE4, AERMOD, R-303 LINE, QUIC, CAR, Urban, and regression). [31] [32] [33] [34] [35] [36] [37] [38] [39] We found that our tested models generally underestimated 304 PNC relative to measurements, consistent with previous studies that reported underestimation of 305 traffic-related air pollution by dispersion models for conditions of atmospheric instability, wind direction 306 perpendicular to the highway, or low concentrations.
11,36,37,45 However, our results were different from 307 studies that reported overestimation of traffic-related air pollution during stable or parallel wind 308 conditions, and when concentrations were relatively high. 11, 27, 36, 44, 45, 64 Differences between our study 309 and those reporting overestimations of concentrations could be related to model characteristics (e.g., 310
the importance of aerosol chemistry or other primary and secondary PNC sources) and uncertainty in 311 the emission factor inputs. In addition, although dispersion models (e.g., AERMOD, CALINE4, and R-LINE) 312 of near-road traffic-related air pollution have generally been reported to perform better for wind speeds 313 >1 m/s, 11,21,37,38,45 we did not observe any consistent differences between high and low wind speeds in 314 our study, possibly because we did not model any hours with low enough wind speeds to observe a 315 difference. 316
Sources of Uncertainty
317
The main sources of uncertainty in model predictions of near-highway PNC include factors related to 318 model inputs (e.g., emission factors and local street traffic) and structure (e.g., treatment of plume 319 meander and particle dynamics). The uncertainty in particle number emission factors is about a factor of 320 10 because limited data are available on how particle number emission rates change as a function of 321 fleet composition, vehicle speed, traffic congestion, and meteorological conditions. 54, 65 To maximize the 322 applicability of the EF PN to this study, we used temperature-adjusted EF PN from a study in the Boston 323
Central Artery Tunnel. 54 Using these emission factors, we achieved reasonably good fits to 324 measurements in Somerville but underestimated PNC in Chinatown by about a factor of 3 ( Table 2) . 325
These results suggest that an emission factor closer to that reported for the Williamsburg Bridge in 326 Brooklyn, NY (5.7 x 10 14 # veh −1 km −1 , ~2.5 times higher than our emission factors) might be more 327 appropriate for neighborhoods like Chinatown than the tunnel-derived values.
328
Similarly, changes in local-scale meteorology and emissions from highway and non-highway sources 329 could impact PNC gradients near highways. 9, 66, 67 The monitoring data were not adjusted using fixed sites 330 because the models were built to reflect the traffic and meteorological conditions when the 331 measurements for the test scenarios were performed, and sub-hourly measurements were not available 332 from any fixed site. In Chinatown, emissions from local traffic, diesel trains at South Station, and 333 airplanes at Logan Airport east of I-93 may have contributed to the differences between the PNC models 334 and measurements. In some applications, models of PNC from highway traffic might be appropriate 335 even if the models do not agree with measurements of total PNC. However, researchers modeling total 336 PNC would be well served to invest in modeling all nearby sources of ultrafine particles, especially in 337 more complex areas like Chinatown. 338 Different treatments of plume meander and exclusion of aerosol particle dynamics contribute to 339 structural uncertainties in near-road models of PNC. Treatment of plume meander is one of the major 340 structural differences among the models considered here; AERMOD and R-LINE assume radial dispersion 341 at low wind speeds, CALINE4 has a parameter for the standard deviation of wind direction, and QUIC 342 does not account for deviations from the mean wind direction unless a physical obstacle is 343 present. 21, 45, 47, 64 However, all of the tested dispersion models had similar PNC predictions at the low (<2 344 m/s) wind speeds (e.g., Scenarios SV-1, CT-2 and CT-5) in which plume meander is applied in CALINE and 345 R-LINE. Similarly, while particle formation and removal can be important during episodes of very high 346 PNC and over large distances, 12,15,30 these processes are not likely to be important for the near-road 347 environments considered in this paper. Review articles suggest time-scales of ~200 s for advection, 348 ~1000 s for deposition, and ~10,000 s for coagulation for near-road environments with typical PNC (10 Based on our results, we recommend that researchers carefully consider the impacts of choice of 359 dispersion or regression model on their near-road PNC predictions. Differences among models may be 360 most important in areas with complex roadway geometries and wind patterns like our urban center 361 neighborhood (i.e., Chinatown) or <50 m from the highway edge, where all five models tested under-362 predicted the measurements by up to a factor of three. Overall, the most important parameters 363 affecting the model predictions were the locations of particle sources and buildings relative to wind 364 direction. Depending on area geometry, modelers may choose to use a hybrid approach with one model 365 (e.g., QUIC) for wind directions where street canyon effects dominate and another model for other wind 366 directions where the benefits of including wind flow around individual buildings might not be realized. 367
The models and study areas used in this investigation were selected to maximize generalizability for 368 other near-road PNC modeling efforts. The four dispersion models we tested are freely available to the 369 air pollution modeling community and have been used in research and regulatory applications; 21,24,28,42-370 44,46,48,58,64 the regression models are similar to those being developed and used in epidemiological 371 studies. 13, 17, 29, 33, 36 While the Somerville study area presented some modeling challenges (i.e., I-93 was 372 elevated, had a noise barrier, and was parallel to a state highway), it is typical of the complexity of many 373 urban neighborhoods near highways. In contrast, Chinatown was typical of an urban core area where 374 model performance can be degraded by complex roadway and building geometries. While we expect 375 our methods and results to be broadly generalizable to hourly models of PNC in similar urban areas near 376 highways in the United States, future work is needed to assess the generalizability of the model 377 comparisons to other locations and over longer time periods. 378 and hot or cold air temperatures, as listed in the panels and described in Table 2 . For parallel wind directions, the descriptions include whether the wind was from the north (N) or south (S) across I-90. 
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